Abstract. Meningiomas are tumors derived from arachnoid cap cells that represent ~30% of all intracranial tumors. In this study, we investigated 22 human meningiomas for the expression of dipeptidyl peptidase (DPP)-IV activity and/or structure homologs (DASH), including canonical DPP-IV/ CD26, fibroblast activation protein-· (FAP·), DPP8 and DPP9. DPP-IV-like enzymatic activity, including all enzymatically-active DASH molecules, was found in all 18 benign meningiomas WHO grade I and IV atypical meningiomas WHO grade II by continuous rate fluorimetric assay in tissue homogenates and catalytic enzyme histochemistry in situ. In atypical meningiomas, this activity was significantly higher and was associated with higher cell proliferation as detected by Ki67 antigen immunohistochemistry. The expression of DPP-IV/CD26 and FAP· demonstrated by real-time RT-PCR and immunohistochemistry was low. As shown histochemically, it occurred most often on the surface of fibrous bundles and whorls rich in extracellular matrix. Compared to DPP-IV/CD26 and FAP·, the expression of DPP8 and DPP9 was higher and, in addition, it was present also in the cells inside these structures. Expression of CXCR4, the receptor of pro-proliferative chemokine stromal cell-derived factor-1· (SDF-1·), DPP-IV substrate, was found in all tumors, suggesting higher values in atypical grade II samples. This is the first report on the expression status of dipeptidyl peptidase-IV and related molecules in meningiomas. It shows that DPP8 and DPP9 prevail over canonical DPP-IV/CD26 and FAP· in all examined patients. In addition, the study suggests an increase of DPP-IV-like enzymatic activity in these tumors of WHO grade II.
Introduction
Meningiomas are the most common non-glial brain tumors originating from arachnoid cap cells of the brain and spinal cord leptomeninges. They account for ~30% of all intracranial human tumors and are more common in older age and females. Among the wide variety of histological subtypes, meningothelial, fibrous and transitional meningiomas prevail. They are mostly benign WHO grade I or, more rarely, atypical WHO grade II or, exceptionally, most aggressive anaplastic WHO grade III tumors. Typical phenotypic markers of meningiomas are epithelial membrane antigen (EMA, MUC1), protein S-100, vimentin and cytokeratin although their expression has not been explicitly related to tumor malignancy (reviewed in refs. 1 and 2). Similarly to other neoplasms, growth of these tumors is influenced by several peptidases, such as matrix-metalloproteinases (3), cysteine proteinases, e.g. cathepsins (4) and/or serine proteases, e.g. urokinase-/tissue-plasminogen activators (5, 6) , acting via cleavage of extra-cellular matrix proteins, which enhance migration and invasiveness of the tumor cells. Other peptidases, e.g. dipeptidyl peptidases, may, similarly to other tumor types, influence invasiveness and proliferation of the tumor cells via cleavage of a wide array of paracrine regulatory peptides and cytokines (7, 8) .
Dipeptidyl peptidase-IV (DPP-IV/CD26, EC 3.4.14.5) is a serine protease identical with the lymphocyte differentiation antigen CD26 (9) . It specifically splits off N-terminal dipeptides from peptide and protein substrates with the proline or alanine residues at the penultimate position (10, 11) . Molecules displaying DPP-IV-like enzymatic activity and/or structural similarity to the canonical DPP-IV/CD26 have been grouped to a family of 'dipeptidyl peptidase-IV activity and/or structure homologs' (DASH) (12) . The DASH group comprises enzymatically active members, including seprase fibroblast activation protein-· (FAP·), DPP-II/DPP7/ quiescent cell proline dipeptidase, DPP8, DPP9 and the enzymatically inactive members, such as DPP6 and DPP10.
Enzymatic activity of DASH molecules can modify signaling functions of a number of biological mediators, such as incretins (e.g. glucagone-like peptide-1 and gastric inhibitory polypeptide), neuropeptides (e.g. substance P and Expression of dipeptidyl peptidase-IV activity and/or structure homologs in human meningiomas (8) . The present study is the first analysis of the expression pattern of DASH molecules in human meningiomas. Additionally, since SDF-1· is a substrate of DPP-IV-like enzymatic activity and has a pro-proliferative effect on meningothelial cells in vitro (13) , expression of its receptor CXCR4 was determined in meningiomas in situ.
Materials and methods
Patients, sample preparation and histological characterization. Tumor specimens were collected from 22 patients (20 female and 2 male) undergoing brain tumor resection (18 benign meningiomas and 4 atypical meningiomas) at the Department of Neurosurgery, Hospital Na Homolce, Prague. Written informed consent was obtained from all patients entering this study, according to the guidelines of the Institutional Ethics Committee. Tissue samples, clear of macroscopic vessels and necrotic segments having the fresh wet weight of ~80-150 mg, were frozen on solid CO 2 and were stored at -80˚C. Vascularisation and necrotic areas were scored microscopically on a 4-tiered scale (0 to 3 crosses).
Isolation and quantification of total RNA, real-time RT-PCR.
Total RNA was isolated using the TRIzol Reagent (Invitrogen, UK). The concentration of total RNA was determined using the RiboGreen RNA Quantitation Kit (Molecular Probes, USA). The expression of DPPIV, FAP·, CXCR4, DPP8 (variants 1 and 3) and DPP9 mRNAs (target transcripts) and (ß-actin mRNA (internal reference transcript) was quantified by a coupled real-time RT-PCR assay on the ABI PRISM 7700 Sequence Detection System (Applied Biosystems, USA) as described previously (14) . The gene coding region-specific oligonucleotide primers and fluorogenic TaqMan probes for the coupled real-time RT-PCR assay were designed with the program Primer Express (Applied Biosystems) and were synthesized at Proligo (France) and Applied Biosystems (UK), respectively ( Table I ).
The statistical difference of the ß-actin mRNA-normalized target transcript expression in tumor and normal tissues was calculated from the linearized ΔCT data (i.e. 2 -ΔCT ) and the tumor/normal ratio of the ß-actin mRNA-normalized target transcript expression was calculated by means of the 2 -ΔΔCT method (15). Table I . Primers and TaqMan probes used for the real-time RT-PCR quantitation of expression of the investigated transcripts.
Sequences and final concentration of primers and TaqMan probes 
DPP-IV-like enzymatic activity biochemical assay and total protein determination.
Tissue samples were homogenized in ice-cold 25 mM phosphate-buffered saline (PBS, 2.0 mM Na 2 HPO 4 , 0.6 mM KH 2 PO 4 , 22.4 mM NaCl) pH 6.0, with an Ultra-Turrax homogenizer fitted with a S8N-5G probe (IKA, Germany) and the tissue homogenates were used for the enzyme activity assay immediately. The DPP-IV-like and DPP-II-like enzymatic activities were determined by continuous rate fluorimetric assay at 37˚C in PBS buffer (137 mM NaCl, 4 mM Na 2 HPO 4 , 2.68 mM KCl, 1.76 mM KH 2 PO 4 ), pH 7.4, and 0.1 M citric acid/0.2 M Na 2 HPO 4 buffer, pH 5.5, respectively, and with 50 μmol/l of H-7-(glycyl-L-prolyl-amido)-4-methylcoumarin (Gly-Pro-AMC) and 50 μmol/l of H-7-(L-lysyl-L-alanyl-amido)-4-methylcoumarin (Lys-Ala-AMC) as substrates (both from Bachem, Switzerland), respectively (16) . The release of 7-amino-4-methylcoumarin was monitored at the excitation and emission wavelengths of 380 and 460 nm, respectively.
Based on the enzymatic activity histogram, samples were categorized to 3-tiered scale: low = 0-4 arbitrary units, with the median of 3.22; medium = 4-8 arbitrary units, with the median of 6.10 and high = 8-17 arbitrary units, with the median of 11.20.
Total protein concentration in tissue homogenates was determined colorimetrically according to the Lowry procedure (17) using bovine serum albumin as a standard.
DPP-IV-like catalytic enzyme histochemistry.
Histochemical demonstration of DPP-IV-like catalytic activity in situ was performed according to Lojda (18) in 10 μm cryostat tissue sections cut at -20˚C (Bright Instrument Company Ltd., UK). The sections were fixed in a 1:1 mixture of acetone and chloroform for 2 min at 4˚C and were incubated with 830 μM of H-7-(glycyl-L-prolyl-amido)-4-methoxy-2-naphthylamide as a substrate (Bachem, Switzerland) and Fast Blue B as a coupler of the enzymatically released 4-methoxy-2-naphthylamine, in PBS pH 7.4, at 4˚C. In controls, the DPP-IV substrate was omitted from the incubation medium. The staining intensity was scored on a 4-tiered scale (low = 1; medium = 2, high = 3, 0 = control reaction without the enzyme substrate), averaged from 8-10 fields, observed at a magnification of 400-fold in several non-consecutive tissue sections.
Immunohistochemistry. Immunodetection of DPP-IV, FAP·, DPP8, DPP9 and CXCR4 was performed in 10 μm cryostat tissue sections preincubated in 3% of heat-inactivated bovine fetal serum for 20 min, followed by overnight incubation with the respective primary antibodies at 4˚C: mouse monoclonal anti-human DPP-IV (1:100, clone M-A261, Acris, Germany), mouse monoclonal anti-human FAP· (1:200, clone F11-24, Alexis Biochemical, USA), rabbit polyclonal anti-human DPP8 and anti-human DPP9 (1:150, Abcam, UK) and rabbit polyclonal anti-human CXCR4 (1:200, Acris, Germany). This was followed by incubation with anti-mouse-or anti-rabbit-IgG-FITC conjugates (1:200, Sigma, USA) or anti-mouse-IgG-AlexaFluor 488 conjugate (1:1000, Invitrogen, USA). In staining controls, the primary antibodies were omitted. Staining intensity was scored using the above-mentioned 4-tiered scale. The proliferation activity was analyzed in situ by immunohistochemical staining of Ki67 antigen expression, using a mouse monoclonal antihuman Ki67 antibody (clone MIB-1, Dako, Denmark). The in situ expression of p53 protein was examined using immunostaining with a mouse monoclonal anti-human p53 antibody (clone DO-7; Dako).
Statistical analysis. Statistica 8.0 software was used. Differences between groups were evaluated with Kruskal-Wallis test or Mann-Whitney test; correlations were analyzed by means of Spearman correlation coefficient. Table II , the studied set of patients consisted of 18 patients with benign meningiomas WHO grade I (including 6 histological subtype groups), and 4 patients with atypical meningiomas WHO grade II. The age range was 36-79 years, with Table II . Characterization of the experimental cohort. 
Results

General characteristics of tumor samples. As shown in
Values are presented as the mean; the ranges of values are shown in the brackets. Vascularisation and necrosis were scored on a 4-tiered scale (0 to 3 crosses).
-
an average of 61 years (SD±12). In this group of meningioma patients, there were 20 women and 2 men. As assessed by Ki67 immunostaining, the proliferation activity in tissue sections ranged from 1 to 12%, with prevalence in atypical meningiomas. The immunoexpression of p53 protein in tissue sections varied from 0 to 80%, without an evident relationship to WHO grade. Vascularisation was, except in 2 transitional, 2 angiomatous, 1 meningothelial and 3 atypical meningiomas, very low. All tumors were free of necrosis, except 1 fibrous and 1 atypical meningioma. (Fig. 1) , DPP-IV, FAP·, DPP8 and DPP9 mRNAs were expressed in all analyzed tumor samples. The expression level of individual DASH molecules varied among individual types of tumors. Compared to DPP-IV/CD26 and FAP· mRNA expression, the scatter of DPP8 and DPP9 values was relatively broader. There was statistically significant difference in DPP8 mRNA expression between benign meningiomas grade I and atypical meningiomas grade II (p=0.039). However, no statistical significance occurred in any DASH mRNA expression between individual histological tumor subtypes (p>0.05).
DASH mRNA expression. As shown by real-time RT-PCR
The expression of DPP-IV/CD26 mRNA showed a positive correlation with FAP· mRNA expression in all examined samples (R=0.672, p=0.001).
DPP-IV-like enzymatic activity determined biochemically and histochemically
Biochemical approach. Most benign meningiomas grade I exhibited medium (14 of 18 samples, 78%) and high (2 of 18 samples, 11%) DPP-IV-like enzymatic activity measured by fluorimetric assay using Gly-Pro-AMC as a substrate. Low enzymatic activity occurred only in 2 of 18 benign samples (11%). In the atypical meningioma variants grade II, all samples had high or medium activity (4 of 4 samples, 100%, Table III ). Moreover, in the WHO grade II group, there was statistically significant higher activity than in WHO grade I group (p=0.011, Fig. 2) .
The enzymatic activity of tissue homogenates measured at the acidic pH 5.5 using Lys-Ala-AMC as a substrate, was only slightly above detection limit (mean 0.74 ± SD 0.31 arbitrary units). This suggests that DPP-II does not significantly contribute to the overall DPP-IV-like enzymatic activity (data not shown).
In addition, higher DPP-IV-like enzymatic activity was accompanied by higher intensity of proliferation activity as detected by Ki67 immunohistochemistry ( Fig. 3 ; Spearman correlation coefficient R=0.553, p=0.008). Furthermore, the proliferation activity was higher in atypical meningiomas grade II compared to the benign ones (p=0.014).
Catalytic enzyme histochemistry.
Similarly to biochemical data, the DPP-IV-like enzymatic activity was revealed in all examined samples. Medium or high activity occurred in 17 of 22 (77%) meningiomas, irrespective of the tumor grade (Table III) . The enzymatic activity greatly varied both in the group of patients as well as in the individual tumors. The stained cells occurred either solitary or in the nests of different size and irregular shape scattered throughout specimens. As evident in samples with low DPP-IV-like activity staining, the enzymatic activity occurred primarily in the perivascular cell compartment, from where stained cells were spreading to the surrounding parenchyma (Fig. 4E and F) . In fibrous and transitional meningioma subtypes, the enzymatic activity-bearing cells trimmed fibrous bundles rich in extracellular matrix at their surface or also inside their interior (Fig. 4H) . Positive staining also appeared at the surface of outermost as well as deeper whorl lamellas (Fig. 4G, insert) .
DASH protein immunoexpression pattern. DPP-IV/CD26
immunopositivity was low in most benign grade I (11 of 18 patients, 61%) and all atypical grade II meningiomas (4 of 4 patients, 100%). Medium or high DPP-IV/CD26 immunoexpression appeared in 7 of 18 (39%) benign meningiomas (Table III) . The immunostaining usually trimmed the surface of fibrous bundles and whorls, where it was often present only in the cells of the outermost lamellas ( Fig. 4I and J,  insert) . In samples with very low positivity only a few solitary cells were stained.
The immunohistochemical expression of FAP· (Fig. 4K and L) was low in all examined meningiomas (Table III) . The tissue localization was similar to the DPP-IV/CD26 expression.
On the other hand, the immunoexpression of DPP8 was high or medium in 21 of 22 (95%) examined meningioma patients (Table III, Fig. 4M and N) . The immunostaining of DPP9 was similar, although its intensity was lower; it was high or medium in 18 of 22 (82%) meningioma patients (Table III, Fig. 4O and P) . The staining tissue distribution of both these peptidases was similar to the total DPP-IV-like activity. It occurred in flat meningocytes over the fibrous bundles and the whorl lamellas as well as patches scatterd in the interspaced parenchyma ( Fig. 4M-P) . Table III . Number of meningioma samples with DPP-IV-like enzymatic activity, DPP-IV, FAP·, DPP8, DPP9 and CXCR4 receptor expression detected biochemically and histochemically. --------------------------------------------------------------------------------------------------- 
The scale low, medium and high is described in Materials and methods.
- (Table III) . Cytologically, the immunostaining pattern was similar to DPP-IV/CD26, except the less distinct trimming of fibrous bundles (Fig. 5B) .
Discussion
This study is the first analysis of the expression and relative proportions of DASH molecules in human meningiomas. As shown here, the DPP-IV-like enzymatic activity carried by these molecules was detected in all 22 meningiomas. Compared to benign grade I meningiomas, the enzymatic activity was often higher in atypical grade II tumors, in which also the cell proliferation was higher, as detected by Ki67 immunostaining.
As revealed by real-time RT-PCR mRNA expression and immunohistochemical analysis of protein expression, both DPP8 and DPP9 are more abundantly expressed in meningiomas as compared to DPP-IV/CD26 and FAP·. This indicates that the total DPP-IV-like enzymatic activity in these tumors is mainly attributable to DPP8 and DPP9, while the contribution of DPP-IV/CD26 and FAP· is relatively low. This is different to the human high-grade astrocytomas, in which the canonical DPP-IV/CD26 is the main contributor to the elevated DPP-IV-like enzymatic activity and is even proposed to be an indicator of grade progression of these tumors (14) . This inter-tumor difference may reflect distinctions in cellular phenotypes and/or embryonic origins of astrocytic gliomas and meningiomas as well as lower degree of malignancy of the meninges-derived tumors. Putative mesodermal/mesenchymal expression pattern of a spectrum of DASH molecules, in which the expression of DPP8 and DPP9 would prevail, is suggested by immunostaining of meningocytes localized on the surface and inside the fibrous bundles and whorls rich in extra-cellular matrix secreted by these cells. Moreover, in our ongoing study, DPP8 and DPP9 have also been found to be prevalent contributors to the total DPP-IV-like enzymatic activity in normal human brain meninges. Cell differentiation changes in expression of DASH members, as another their patterndetermining factors, was observed in male reproductive organs (19) . However, the role of DPP8 and DPP9 in the cell metabolism and growth is still poorly understood. In contrast to the plasma membrane-bound DPP-IV/CD26 and FAP·, both these enzymes are cytosolic and therefore are not likely to process extracellular growth regulators. Besides their possible but unknown enzymatic intracellular functions, the enzyme activity-independent role of DPP8 and DPP9 in cell-ECM interactions has also been shown in cell culture (20) .
Albeit low, the expression levels of DPP-IV/CD26 and FAP· transcripts, showed a close correlation. Proportional expression of both these paralogous molecules, products of the same gene duplication (21) was observed also in glioblastomas in situ and glioma cell cultures (14, 22) , and their co-regulation on the transcriptional level has been suggested. This fits well with the observation in fibroblast cell cultures, in which observed DPP-IV/CD26 and FAP· heterodimers participate in cell migration (23, 24) . In contrast to the high-grade astrocytomas, no difference in the expression of these two molecules between grade I and grade II meningiomas has yet been found.
It is also to be pointed out that in high-grade meningiomas, higher expression of CXCR4, the receptor of chemokine SDF-1·, was observed. The SDF-1·-mediated signaling stimulates cell proliferation and migration in a number of tumor types (25) (26) (27) (28) . This mechanism was considered to be responsible also for increased proliferation of primary meningothelial cell cultures (13) . Indeed, increased expression of CXCR4 was associated with higher proliferation and the degree of cell cycle control disruption as indicated by Ki67 and p53 protein levels in CXCR4 matched samples.
In conclusion, this study is the first report on expression and tissue distribution of DASH molecules showing that DPP8 and DPP9 are the main DASH representatives in nonneuroectodermally-derived brain tumors. This is at variance with high-grade astrocytomas, in which expression of DPP-IV/ CD26 prevails.
